Numerous studies at KIT prove that high frequency mechanical impact (HFMI) treatment is an efficient method for increasing the fatigue strength of welded steel structures. Within different research projects it was found that HFMI-methods can be used successfully for new and existing structures in order to extend the fatigue life. This paper gives an overview of the current status of existing steel bridges in Germany regarding aspects like bridge age distributions and traffic loads. Based on that overview welded joints susceptible to fatigue failure are identified. Using component-like small scale specimens, HFMI-methods were investigated within the objective of implementing an effective application for new and existing structures. Applying the fatigue test data observed, existing design proposals are evaluated and design recommendations for HFMI-treated joints are given. As a result of the research work, a transfer into practice has been realized and different applications are illustrated using the example of bridge constructions made of steel.
INTRODUCTION
In recent years, optimization of new structures and also rehabilitation of existing structures have become an important issue worldwide. Bridge constructions, particularly welded steel structures, raise problems regarding fatigue behavior and durability. Implementing of new potentials for weight reduction as well as facing problems resulting from increased traffic loads, methods for enhancing the fatigue strength of welded structures gain in significance. As a result of different research projects and numerous studies at KIT (Karlsruhe Institute of Technology; Research Center for Steel, Timber and Masonry), it was proven that the fatigue life of new and existing structures can be considerably increased by the application of high frequency mechanical impact (HFMI) treatment [10] [11] [12] 17] . Due to the application of HFMI-methods such as High Frequency Impact Treatment (HiFIT), the weld toe is plastically deformed and compressive residual stresses are inserted in the weld toe region [13, 15] . This leads to a retarded crack initiation and propagation [16] , resulting in a higher fatigue strength and an extension of fatigue or service life. The HiFIT-device and -treatment of a welded joint is shown in Figure 1 . Since Standards and recommendations [2, 5] assume that the fatigue strength of welded joints is independent of material yield strength, an efficient application of high strength steels in fatigue loaded structures is currently not possible. However, the status quo can be changed due to the fact that the efficiency of HFMI-treatment increases with higher material yield strength [11, 14] . Pursuing the strategy of weight reduction, an efficient application of high strength steels in fatigue loaded structures can now be realized using HFMI. Different proposals are available for the design of HFMI-treated welds. Because of the fact that the data used to establish the proposals has been derived from newly produced specimens, the applicability for existing structures with inherent fatigue damage remains to be verified. Based on extensive fatigue test data carried out at KIT, the application of HFMI-treatment on existing structures is discussed in this paper.
EXISTING STEEL BRIDGES IN GERMANY

Initial situation
In Germany, within the next ten years many old bridges reach the calculated end of their service life or have to be adapted to increasing loads. Basically, road and railway bridges have to be distinguished. In the German railway network, about one quarter of the bridges are made of steel, the other three quarters are made of concrete, masonry or sectional girders in concrete in equal shares. Within the road network the percentage of steel bridges is much smaller and stands actually at 5%. percent per bridge type, only steel and reinforced bridges displayed) and the road network (right, percent overall per bridge deck area) [1, 8] The age distribution of railway bridges is shown in Figure 2 on the left side. Here, the ageing portfolio of bridges is apparent. About 25% of the steel bridges reach the end of their calculated service life within the next six years. As a solution, a replacement of the structures, rehabilitation or improvement must take place. Suitable methods have to be applied; high frequency mechanical impact treatment is one promising method to contribute to the implementation of rehabilitation and improvement.
The road bridge portfolio is much younger compared to the railway network and different kinds of structures are predominant, see Figure 2 on the right side. Most structures were built after 1960 and the share of steel and composite bridge is about 10% in 2010. Since the portfolio is comparatively young, especially problems arising from the condition of the structures have to be solved.
Condition index and safety aspects for road bridges
For road bridges predefined inspection cycles are obligatory: one main inspection every six years, one mid-interval inspection every three years. Based on these inspections and the subsequent damage evaluations, the condition index is derived. The change of the condition index for all federal German road bridges between 2000 and 2010 is displayed in Figure 3 . Within the last ten years the condition index of the bridge portfolio has shifted to an overall inferior state. Especially the bridge condition indices from 2,5 to 3,4 often imply that cracks have been found during steel bridge inspections. The reasons can be manifold but for a rehabilitation high frequency mechanical impact treatment can be a valuable method to increase the fatigue resistance of bridges damaged.
Furthermore, many cracks are also caused by increasing loads. As to be seen in Figure 4 , since the 1950s the permitted axle loads have increased slightly
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Thomas Ummenhofer, Philipp Weidner, Tim Zinke New and existing bridge constructions-increase of fatigue strength of welded joints by high frequency mechanical impact treatment and the traffic on highways has significantly grown. Considering that most highway bridges have been built during the 1970s, there is still an enlargement of the traffic of about 250%. These developments often require an improvement of details exposed to fatigue stress. Because of the numerous applications named the investigation on HFMI-methods will be presented in depth in the following. 
HFMI-TREATMENT FOR IMPROVING FATIGUE STRENGTH
Mode of operation
For conventional hammer peening as well as for HFMI, the working principal is the same. Cylindrical indenters are accelerated against a welded component or structure with a certain frequency [18] . The result is a strain hardening of the surface layers due to the plastic deformation of the weld toe as well as the insertion of compressive residual stresses [9, 13] . The compressive residual stresses superimpose with the notch stresses resulting from the load applied and thus decrease the tensile stress level at the weld toe.
HFMI-methods
On the basis of comprehensive research work, different HFMI-methods have been approved for post weld treatment of welded joints. These include HiFIT [11, 15] , UIT [3, 10, 11] Figure 2 presents two design proposals to account for a benefit after the application of post weld treatment methods. Using these proposals, an additional increase of FAT classes can be claimed depending on the material yield strength. For conventional hammer peening a design proposal developed by Haagensen and Maddox [4] is shown by the dashed line. This proposal differentiates only between mild steels and high strength steels and assumes a slope of m = 3. Since an increasing benefit has been observed with higher material yield strength for HFMI-treated welds, a first proposal has been developed by Weich [14] , adjusting the slope of the S-N curves to m = 5 on the basis of extensive fatigue testing data. This proposal has been revised and further developed by Yildirim and Marquis [18] . Using collected data from 45 data sets for axially loaded test specimens, tested at R = 0.1 stress ratio, an empirical relationship between material yield strength and fatigue strength of HFMI-treated welds was established. As a result of the investigated joints, including longitudinal attachments, transverse-and butt welds, an increase of 12.5 % in fatigue strength for every 200 MPa increase in material strength f y was found to be an appropriate formulation [18] . This proposal has also been adopted in [7] and is shown by the solid line in Figure 5 . Figure 5 . Proposed maximum increase in FAT classes depending on material yield strength f y [7, 18] 
Design recommendations
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WELDED JOINTS SUSCEPTABLE TO FATIGUE & EVALUATED DATA
In this paper butt welded joints which are frequently used in welded structures are considered. Figure 6 shows the FAT classification of butt welded joints according to IIW-Recommendations [5] and DIN EN 1993-1-9 (EC3) [2] . According to EC3 and IIW-Recommendations FAT 90 can be assigned for butt welded joints welded from both sides. Applying the latest design proposal according to [18] and [7] (see Figure 5 ) to the joint design in Figure 6 
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Thomas Ummenhofer, Philipp Weidner, Tim Zinke New and existing bridge constructions-increase of fatigue strength of welded joints by high frequency mechanical impact treatment the following FAT classes in the last column of Table 1 can be claimed after HFMI-treatment. In addition the benefit is given in number of FAT classes within brackets. Originally the design proposal in Figure 5 refers to the FAT classification of IIW-Recommendations [5] and is intended to be used for new structures treated with HFMI. Within the Research project REFRESH [11] a data basis concerning the applicability of HFMI-methods for new and existing structures has been developed. Thus, the application of HFMI-methods for new structures as well as a verification of the design FAT classes in Table 1 are presented in section 5.1. An application for existing structures is investigated in section 5.2.
RESULTS
Application for new structures
To evaluate the effectiveness of HFMI-treatment for new structures, fatigue tests on butt welded joints of the steel grades S355J2 and S690QL with a plate thickness of 16 mm were conducted. In Figure 7 the S-N curves for as welded (black broken curve) and HFMI-treated specimens (green dashed curve) are given for the joints made of S355J2. The red curve with a FAT value of 140 and a slope of m = 5 represents the HFMI design curve and is conservative with the fatigue test results achieving FAT 176. Beyond that, the change in slope following the design proposal according to [7, 18] in Table 1 is reasonable and matches the data evaluated. In case of the butt welded joints made of S690QL, the same conclusions can be drawn. Compared to the S355J2-joints a lower fatigue strength is observed for the as welded specimens; on the other hand, with a FAT value of 210, a significant higher fatigue strength is observed after HFMI-treatment indicating an increasing efficiency for steels with a higher material yield strength (see Figure 8 ). However, a FAT 180 HFMI-design curve is still conservative with the data and can be used for new structures following HFMI-treatment. 
Application for existing structures
In order to investigate the effectiveness of HFMI-treatment for existing structures and to verify the applicability of the design proposal in Table 1 for these structures, fatigue tests have been conducted using joints with a fatigue preload [11] . To facilitate a comparison, the dimensions of the specimens have been retained. Figure 9 shows the influence of HFMI-treatment subsequent to the application of a fatigue preloading for the joints made of S355J2. It must be emphasized that only the cycles after HFMI-treatment are used for evaluation. For determining the load levels of the fatigue preloading the results of the as welded joints in Figure 6 were utilized, using an evaluation with a fixed slope of m = 3 according to EC3 [2] . Thus, a S-N curve with a FAT value of 103 which has been used for preloading is even higher than the design values given in Figure 6 . This has been confirmed by fatigue failures in the preloading phase which have been excluded from the evaluation in Figure 9 . Following this procedure, the specimens were fatigue tested until reaching the design life and subsequently HFMI-treated in order to continue testing until rupture. As it can be seen in Figure 9 , the specimens exhibit a fatigue strength that is nearly equal to the fatigue strength of new HFMI-treated joints in Figure 7 . Besides that, the design proposal according to [7, 18] is also suitable for preloaded specimens. Considering the butt welded joints made of S690QL, a FAT-value of 224 for the preloaded and HFMI-treated joints is even higher than the FAT-value of the new HFMI-treated joints in Figure 8 . Also in this case the design proposal according to [7, 18] with a FAT value of 180 is suitable and can be described as a conservative approximation of the results. For definition of the level of load for preloading, a design FAT class of 90 or 125 was used. Since no significant difference for the different preloading-levels was observed, the results are evaluated together in Figure 10 . Further examinations prove, that an initial crack depth after preloading should not exceed a crack depth of a ≥ 0.5 mm [11] . Following this, the same fatigue strength as for new HFMI-treated joints can be applied for HFMItreatment after preloading.
IMPLEMENTATION INTO PRACTISE: EXAMPLES OF USE
Based on the results of REFRESH [11] the HFMI-method HiFIT has been applied successfully for new bridge constructions, such as the road and tramway bridge over the "Schenkendorfstraße" in Munich but also for existing bridges, such as the "Ruhrstrombridge" in Mühlheim and many more. Additional information for practical application can be found in [11] .
CONCLUSIONS
Considering the condition of many bridge constructions, especially those made of steel, there is a strong need for methods that are suitable for enhancing the fatigue life of new and particularly for existing structures. The condition of the railway and road bridge stock in Germany has been presented and reasons for the current needs have been pointed out. Given the problems of a large number of buildings which require rehabilitation measures, HFMI-methods for improving the fatigue behavior of those structures were investigated. It has been shown that HFMI-methods are very efficient in order to increase the fatigue strength of new structures as well as to enhance the fatigue life of existing structures. Using HFMI-methods for preloaded joints, it was observed that the same effectiveness can be achieved for joints which have reached calculated service life. The analysis of currently available design proposals for HFMItreated joints show that the proposals in [7, 18] are suitable for new as well as for existing structures and can be used for design. Several examples of practically applied post weld treatment within bridge building projects illustrate the potential of these methods. OF TRANSPORT INFRASTRUCTURE Thomas Ummenhofer, Philipp Weidner, Tim Zinke New and existing bridge constructions-increase of fatigue strength of welded joints by high frequency mechanical impact treatment
